A B S T R A C T Prostaglandin E biosynthesis and its effect on water permeability were investigated in the toad urinary bladder. Arginine vasopressin (1 mU/ml) increased prostaglandin E (PGE) biosynthesis from 0.5+0.1 to 5.0+0.4 pmol/min per hemibladder (mean +SEM, n = 8, P < 0.001). Maximal vasopressin-stimulated PGE biosynthesis, 6 .4+0.2 pmol/min per hemibladder, occurred at vasopressin concentrations in excess of 3 mU/ml. Half-maximal stimulation of PGE biosynthesis occurred at a vasopressin concentration of approximately 0.7 mU/ml, whereas half-maximal stimulation of water flow occurred at a vasopressin concentration of approximately 5 mU/ml. Vasopressinstimulated PGE biosynthesis did not depend on water flow along an osmotic gradient or upon sodium transport. Thin-layer chromatographic analysis of the lipids released from hemibladders labeled with tritiumarachidonic acid revealed that vasopressin stimulates the release of arachidonic acid from intracellular lipid stores without affecting the percentage of free arachidonic acid converted to PGE. Neither cyclic AMP nor theophylline stimulated PGE biosynthesis although they mimic arginine vasopressin (AVP) in stimulating water permeability. Biosynthesis of PGE was inhibited by mepacrine, a phospholipase inhibitor, and by agents that inhibit arachidonic acid oxygenase. The inhibition of PGE biosynthesis resulted in augmented vasopressin-and theophylline-stimulated water flow, but had no effect on cyclic AMP-stimu- (2) . Prostaglandins E, and E2 inhibit the water permeability response of the toad urinary bladder to vasopressin and to theophylline but do not inhibit the response to cyclic AMP (3, 4) . The mechanism of inhibition by prostaglandin E (PGE) of the water permeability response to AVP is probably the inhibition of adenylate cyclase (5, 6) . On the basis of observations in toad bladder (3) and studies on the rabbit renal cortical collecting tubule, Grantham and Orloff suggested that endogenous PGE modulates the water permeability response to vasopressin (7) . This theory 'Abbreviations used in this paper: AVP, arginine vasopressin; PG, prostaglandin (used variously according to the identification of a given prostaglandin, i.e., PGE, PGE,, PGE2, and PGF2t).
The Joirnal of Clinical Investigation Volume 60 December 1977 [1339] [1340] [1341] [1342] [1343] [1344] [1345] [1346] [1347] was supported in subsequent studies in which it was found that indomethacin, an inhibitor of PGE biosynthesis, increased the water flow response to AVP (8, 9) .
Recent studies in our laboratory have shown that AVP stimulates prostaglandin E2 biosynthesis in rabbit renomedullary interstitial cells in tissue culture (10) . In these cells, vasopressin stimulates an intracellular acylhydrolase (phospholipase), which results in the increased release of endogenous arachidonic acid, the precursor of PGE2, and a subsequent increase in the synthesis of PGE2 (10) . Mepacrine, a phospholipase inhibitor, diminishes AVP-stimulated PGE2 biosynthesis in renomedullary interstitial cells by decreasing phospholipase activity and thereby reducing the release of arachidonic acid. In contrast, indomethacin, ibuprofen, meclofenamic acid, and naproxen decrease PGE2 biosynthesis by inhibiting the enzyme that catalyzes the addition of molecular oxygen to arachidonic acid (11) .
The purpose of this investigation was to study PGE biosynthesis in the toad urinary bladder and the role of endogenous PGE in vasopressin-stimulated water flow.
METHODS
Toads, Bufo marinus, were obtained from National Reagents, Bridgeport, Conn., and kept on moist San-i-cell. Urinary bladders were removed from doubly-pithed toads, and the hemibladders were mounted as sacs on bungs. (12) . Basal water flow was measured for 30 min. Stimulated water flow was measured for 30 min, beginning 10 min after the addition of AVP, cyclic AMP, or theophylline. PGE in the serosal solution was measured by radioimmunoassay as previously described (10) . We have been unable to identify unequivocally as either PGE, or PGE2 the actual prostaglandin produced by the toad urinary bladder. Although we feel that it is most likely PGE2, we refer to it in the paper merely as prostaglandin E for the sake of accuracy. In those experiments in which we gave arachidonic acid, the specific precursor of PGE2, we refer to the product as PGE2. In view of the fact that cellular accumulation of prostaglandins has not been demonstrated (11) , the appearance of PGE in the serosal solution is a measure of PGE biosynthesis. The rate of appearance of PGE in the serosal solution is 20 times that in the mucosal solution. All agents were added to the solution bathing the serosal surface of the hemibladders. Freshly-prepared serosal solutions containing the appropriate agents were added immediately before the basal and test periods. In all experiments, paired hemibladders from the same toad were used. Experiments were performed at room temperature. Statistical analyses were done with Student's t test for paired observations (13) .
The effect of different concentrations of AVP on water flow and PGE biosynthesis. The 24 hemibladders from 12 toads were assigned to six equal groups so as not to have the two hemibladders from one toad in the same group. Each group of hemibladders was incubated with one concentration of AVP, 0.1, 0.3, 1.0, 3.0, 10.0, or 25.0 mU/ml, and water flow and PGE synthesis were measured.
Identification of the step in arachidonic acid metabolism affected by AVP. Hemibladders were incubated overnight in 15 ml Ringer's solution containing 20 mM glucose and [3H]arachidonic acid, 62 Ci/mmol (New England Nuclear, Boston, Mass.) to label the arachidonic acid storage pool. The following day the serosal and mucosal Ringer's solution were changed three times over a period of 30 min, and the experimental hemibladders were incubated with mepacrine, a phospholipase inhibitor (0.1 mM), or naproxen, an oxygenase inhibitor (0.1 mM), for 180 min before the basal period. After the basal period, the serosal solution was changed to a solution containing vasopressin (6 mU/ml) with or without the inhibitors, and water flow was measured. The serosal solutions from the basal and vasopressin periods were each extracted with chloroform, and the extracted lipids were isolated by thin-layer chromatography as previously described (10) .
The effect of arachidonic acid, prostaglandin E2, phospholipase inhibition, and oxygenase inhibition on vasopressin-stimulated water flow and prostaglandin E biosynthesis. 1.6 mM arachidonic acid (NuChek Prep) was dissolved in a buffered solution consisting of 4 parts amphibian Ringer's solution as described above and 1 part fetal calf serum. The control hemibladder was incubated in buffer containing fetal calf serum without arachidonic acid. Arachidonic acid was added to the experimental hemibladder 30 min before the basal period.
The agents used in these studies were: arginine vasopressin (ICN Pharmaceuticals, Inc., Cleveland, Ohio), theophylline ( 
RESULTS
The effect ofAVP, cyclic AMP, and theophylline on waterflow and PGE biosynthesis (Table I ). Arginine vasopressin (1 mU/ml) increased water flow and PGE biosynthesis. To examine the time course of PGE accumulation after AVP stimulation, samples were obtained every 10 (14) ; the (Fig. 1) . No further increase in water flow was observed at 50 mU/ml. Half-maximal stimulation of water flow occurred at a vasopressin concentration of =4.8 mU/ml.
Vasopressin-stimulated PGE biosynthesis increased progressively in the range of 0.1-1.0 mU/ml. Halfmaximal stimulation of PGE biosynthesis occurred at a vasopressin concentration of -0.7 mU/ml (Fig. 2) .
Identification of the step in arachidonic acid metabolism affected by AVP (Fig. 3) 65% but had no effect on the ratio of released PGE2 to released arachidonic acid. Naproxen, a prostaglandin synthetase (oxygenase) inhibitor, had no effect on vasopressin-stimulated arachidonic acid release, but inhibited PGE2 biosynthesis by 99%. These data indicate that AVP stimulates acylhydrolase activity, which results in an increased release of arachidonic acid from lipids in the cell. Half-maximal stimulation of PGE biosynthesis occurred at =0.7 mU/ml, and maximal PGE biosynthesis occurred at concentrations >3 mU/ml.
The effect of mepacrine, arachidonic acid, PGE2, and indomethacin on vasopressin-stimulated water flow and PGE biosynthesis (Table II) . Because exogenous prostaglandin El and E2 inhibit vasopressinand theophylline-stimulated water flow, we investigated the effect of alterations in the rate of PGE biosynthesis on vasopressin-, cyclic AMP-, and theophylline-stimulated water flow. Basal water flow was unaffected by mepacrine, arachidonic acid, prostaglandin E2, or indomethacin (data not shown).
Mepacrine decreased basal and vasopressin-stimulated PGE biosynthesis and increased vasopressinstimulated water flow. When mepacrine was added to control and experimental hemibladders and the inhibition by mepacrine of arachidonic acid release was bypassed by the addition of 1.6 mM arachidonic acid to the experimental hemibladder, PGE2 biosynthesis by arachidonic acid-treated hemibladders was markedly increased and AVP-stimulated water flow was markedly inhibited. The effect of arachidonic acid on vasopressin-stimulated water flow was reversible. When the experimental hemibladder was incubated with indomethacin and arachidonic acid was added to the control and experimental hemibladders, indomethacin markedly inhibited PGE2 biosynthesis.
Water flow in response to vasopressin increased markedly in the hemibladder exposed to indomethacin.
The addition of 1 AM PGE2 inhibited the water permeability response to AVP, confirming the observation of Urakabe et al. (4) . Similarly, in the presence of indomethacin, PGE2 inhibits the water permeability response to AVP (data not shown). Ozer and Sharp (17) suggested that arachidonic acid has inhibitory properties on water flow independent ofthose of PGE2. We conclude, however, that the inhibition of vasopressin-stimulated water flow by arachidonic acid is secondary to the marked stimulation of PGE2 biosynthesis.
The effect of oxygenase inhibitors on vasopressinstimulated water flow and PGE biosynthesis (Table  III) . Basal water flow was unaffected by ibuprofen, indomethacin, meclofenamate, and naproxen (data not shown). Each of the oxygenase inhibitors eliminated PGE biosynthesis and increased vasopressin-stimulated water flow.
The effect of mepacrine and oxygenase inhibitors on cyclic AMP-stimulated water flow and PGE biosynthesis (Table IV) . Mepacrine, ibuprofen, meclofenamate, and naproxen had no effect on cyclic AMP-stimulated water flow. In contrast, 1 ,M indomethacin increased cyclic AMP-stimulated water flow from 15 .7+4.8 to 38.0+3.0 mg/min per hemibladder (n = 6, P < 0.01). The augmentation of cyclic AMPstimulated water flow by indomethacin has been reported previously (8, 9) . All the oxygenase inhibitors eliminated PGE synthesis, yet only indomethacin affected cyclic AMP-stimulated water flow. Therefore, it is apparent that the enhancement of cyclic AMPstimulated water flow by indomethacin is unrelated to the inhibition of prostaglandin synthesis. It is possible that inhibition of cyclic nucleotide phosphodiesterase by indomethacin (9) is responsible for the enhancement of cyclic AMP-stimulated water flow. The effect of mepacrine and naproxen on theophylline-stimulated water flow and PGE biosynthesis (Table V) A number ofissues regarding vasopressin-stimulated PGE biosynthesis by the toad urinary bladder remain unanswered by this investigation. The mechanism of vasopressin stimulation of acylhydrolase activity is unknown. It is not known whether the same vasopressin molecule in association with its receptor stimulates both adenylate cyclase and acylhydrolase, or whether there are independent hormone-receptor complexes responsible for adenylate cyclase and acylhydrolase stimulation. In fact, the cell in which vasopressin stimulates PGE biosynthesis in the toad bladder is not known. The mammalian kidney has prostaglandin synthetase in both the renomedullary interstitial cell and the epithelium of the collecting tubule (19) . It is possible that an epithelial cell in the toad urinary bladder is the site of PGE biosynthesis or that another cell type, analogous to the mammalian renomedullary interstitial cell, synthesizes PGE, which then affects the epithelial cell permeability response to vasopressin.
In Fig. 4 , we have schematized the events relating PGE biosynthesis and cyclic AMP formation in the toad urinary bladder. AVP stimulates both adenylate cyclase and a phospholipase. The phospholipase releases arachidonic acid from the arachidonic acid storage pool. Inhibition of phospholipase by mepacrine diminishes arachidonic acid release and, therefore, subsequent PGE2 biosynthesis. Free arachidonic acid is converted to the prostaglandin endoperoxides by an oxygenase, which can be inhibited by the nonsteroidal anti-inflammatory agents. After peroxidation and isomerization, prostaglandin E2 is derived from the endoperoxides. PGE2, in turn, inhibits the stimulation of adenylate cyclase by vasopressin, thus diminishing the formation and accumulation of cyclic AMP and thereby decreasing the water permeability response to vasopressin.
It is possible that a similar scheme (Fig. 4 ) may apply to the mammalian kidney. Indomethacin enhances the in vivo antidiuretic effect of vasopressin in man (20) , in the dog (21) , and in the rat (22) . Furthermore, it has been demonstrated that urinary PGE excretion increases after vasopressin administration in rabbits (23) and rats (24) . In view of the foregoing observations (10, (20) (21) (22) (23) (24) , we suggest that vasopressin-stimulated PGE biosynthesis inhibits vasopressin-stimulated water flow in the mammalian kidney as well as the toad urinary bladder. 1346 R. M. Zusman, H. R. Keiser, and J. S. Handler 
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